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Mechanisms of innate immunity (b) 
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FIGURE 12-1 Effector functions of antibodies. Antibodies against microbes (and their toxins, not shown here) neutralize these agents, 
opsonize them for phagocytosis, sensitize them for antibody-dependent cellular cytotoxicity, and activate the complement system. These various 
effector functions may be mediated by different antibody isotypes. 
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FIG. 36.6. Terminal Pathway. C5b, stili attached to the convertase, binds C6, then C7. The trimolecular C5b67 complex is released 
to the fluid phase. A fraction of the complexes formed attach through hydrophobic interaction to the membrane. Membrane 
bound C5b67 recruits C8, then multiple copies of C9. C9 monomers unfold, insert into and through the membrane, and polymer- 
ize to form a transmembrane pore through which ions and water can freely flow. The inset shows an electron micrograph of a 
complement-lyzed celi; circular membrane attack complex lesions, a light protein rim surrounding a dark pore, are readily seen. 
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TABLE 


Component Proteins of the Complement Pathway 




Patti way/Component 


Structure 


Function 


Plasma Level 


Classical pathway 








Clq 


460 kDa collectin, six subunits each of 


Binds immobilized IgG/lgM to initiate the CP 


150 mg/L 




three 25 kDa chains 






CU 


85 kDa single chain 


In C1 complex, activates CI s 


50mg/L 


LlS 


85 kDa single chain 


In C1 complex, cleaves C4/C2 


50 mg/L 


Pi! 

C4 


S-S bonded heterotrimer, a, 97 kDa, p, 


C4b fragment target-bound via thioester is the receptor 


500 mg/L 




75 kDa, y, 33 kDa 


forC2 




Po 

C2 


100 kDa single chain 


C2a fragment bound to C4b cleaves/activates C3 


25 mg/L 


Alternative pathway 








Factor B 


110 kDa single chain, C2 homologue 


Bb fragment bound to C3b cleaves and activates C3 


zuu mg/L 


rdClOr U 


25 kDa single chain protease 


Cleaves factor B to activate 


e mn/l 

d mg/L 


Properdin 


UliyUlllclo Ul DO MJd Llldlll 


OldUIII£.CO Mie LrJUDU LUIIipicA 


on mn/l 

zu mg/L 


Lectin pathway 








MBL 


200-600 kDa collectin, two to six subunits 


Binds mannan sugars on pathogens to initiate the LP 


0-5 mg/L(broad 




each comprising three 32 kDa chains 




normal range) 


Ficolin-1 (M-ficolin) 


440 kDa lectin, 12 subunits each 36 kDa 


Binds carbohydrate epitopes on pathogens to initiate the LP 


n ne; mn/l 
u.ud mg/L 


Ficolin-2 (L-ficolin) 


A9H H"la loptin 19 cnhiinitc oaph 1^ Ula 

HZ.U MJd IcL-llll, 1 L oUUUIIILo cdOM OJ MJd 


RinHc rarhnhv/Hrato onitnnoc nn nathnnonc tn initiato tho I P 
DlllUo Lai UUI lyUI ale cpiLUpco UH pdLMUycllo LU lllllldlc Lllc Li 


b mg/L 


tinnii n *3 / U finniinì 


590 kDa lectin, 18 subunits each 3 kDa 


Binds carbohydrate epitopes on pathogens to initiate the LP 


5 mg/L 


MASP-1 


90 kDa single chain 


Uncertain; in mouse, activates pro-fD to active fD 


5 mg/L 


MASP-2 


74 kDa single chain 


In complex with MBL or ficolin, cleaves C4/C2 


0.4 mg/L 


K il A CD O 


94 kDa single chain 


Uncertain, perhaps as MASP-2 


4 mg/L 


MAp19 (s-MAP) 


19 kDa single chain 


Suggested MASP-2 inhibitor 


0.2 mg/L 


MAp44(MAP-1) 


44 kDa single chain 


Suggested MASP-2 inhibitor 


1.4 mg/L 


Common 








Lo 


S-S bonded heterodimer, a, 110 kDa, p, 75 kDa 


Central component in ali pathways, C3b major opsonin 


19fin mn/l 

i/uu mg/L 


C5 


S-S bonded heterodimer, a, 115 kDa, p, 75 kDa 


Binds C6 to initiate TP, C5a major effector molecule 


75 mg/L 


Factor 1 


S-S linked heterodimer, heavy (50 kDa) and 


Serine proteasel cleaves C3b/C4b in presence of cofactor 


30 mg/L 




light (38 kDa) chains 






Terminal pathway 








C6 


110 kDa single chain 


Binds C5b, C5b6 receives C7 


50 mg/L 


C7 


100 kDa single chain 


Binds C5b6, C5b-7 attaches to target celi 


90 mg/L 


C8 


a (64 kDa) and y(22 kDa) chains S-S linked, 


Binds C5b-7, C5b-8 receives C9 


60 mg/L 




p chain (65 kDa) noncovalently associated 






C9 


70 kDa single chain 


Binds C5b-8 to form MAC 


60 mg/L 



CP, classical pathway; fD, factor D; lg, immunoglobulin; LP, lectin pathway; MAC, membrane attack complex; MASP, mannan-binding lectin-associated serine protease; 
MBL, mannan-binding lectin; TP, terminal pathway. 



Classical pathway of complement activation 



Activation of complement 
by IgM and IgG antibodies 



A Soluble IgM 
(inaccessible Fc) 



FIGURE 12-11 C1 binding to the Fc portions of IgM and 
IgG. C1 must bind to two or more Fc portions to initiate the complement 
cascade. The Fc portions of soluble pentameric IgM are not accessible 
to C1 (A). After IgM binds to surface-bound antigens, it undergoes a 
shape change that permits C1 binding and activation (B). Soluble IgG 
molecules will also not activate C1 because each IgG has only one Fc 
region (C), but after binding to celi surface antigens, adjacent IgG Fc 
portions can bind and activate C1 (D). 
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FIG. 36.3. Classical Pathway Activation. Cls in the 
activated C1 complex bound to immobilized an- 
tibody cleaves C4. C4b binds the surface through 
its thioester and acts as a receptor for C2, which 
is then cleaved by Cls to yield the C4b2a complex 
(classical pathway [CP] C3 convertase). C4b2a 
cleaves C3, depositing C3b on adjacent membrane. 
C3b binding in the C4b2a complex acts as a recep- 
tor for C5, presenting it for cleavage by C2a in the 
complex. Cleavage of C5 to form C5b is the last 
enzymatic step in the CP and initiates the terminal 
pathway. 



TABLE 13-1 



Initiators of the alternative pathway 
of complement activation 



PATHOGENS AND PARTICLES OF MICROBIAL ORIGIN 

Many strai ns ot gram-negative bacteria 
Lipopolysaccharidestrom gram-negative bacteria 
Many strai ns ot gram-positive bacteria 
Teichoic acid from gram-positive celi walls 
Fungal and yeast celi walls (zymosan) 
Some viruses and virus-i nfected cells 
Some tumor cells (Raji) 
Parasites (trypanosomes) 

NONPATHOGENS 



Human IgG, IgA, and IgE in complexes 



Jiicken) 

Anionic polymers (dextran sulfate) 
Pure carbohydrates (agarose, inulin) 




Celi 



FIG. 36.5. Alternative Pathway Activation. The initiating activated C3 may be C3(H 2 0) formed by spontaneous hydrolysis in the fluid phase, or C3b f 
formed from classical pathway/lectin pathway activation in the fluid or surface phase. Activated C3 binds factor B, rendering it susceptible to cleavage/ 
activation by factor D. The resulting enzyme, C3(H 2 0)Bb or C3bBb f cleaves more C3b f creating a positive feedback amplification loop in the fluid phase 
and depositing more C3b on the target. C3b binding into a target-bound C3bBb enzyme acts as a receptor for C5, presenting it for cleavage by Bb in the 
complex. Cleavage of C5 to form C5b is the last enzymatic step in the alternative pathway and initiates the terminal pathway. 



C1q 



FIGURE 4-10 C1, mannose-binding 
lectin, and fìcolin. These three homolo- 
gous pentameric proteins can ali initiate 
complement activation on binding to their 
ligands on celi surfaces. C-type lectin-like 
globular heads at the end of collagenous-like 
stalks in the C1q and mannose-binding lectin 
proteins bind the Fc regions of IgM or 
mannose on the surface of microbes, 
respectively. Fibrinogen-like globular heads 
on ficolin bind A/-acetylglucosamine on the 
surface of microbes. Binding results in con- 
formational changes that activate the serine 
protease activity of C1r and C1s f associated 
with C1q, or MASP1 and MASP2, associated 
with mannose-binding lectin and ficolin. 
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The lectin pathway is actìvated by the bincling of man- 
nose-binding lectin (MBL) to mannose residues on glyco- 
proteìns or carbohydrates on die surface of microorganisms 
ìncludìng certain Salmonella, Ustoria, and Neisseria strains. 
as well as Crvptococcus neofonnans and Candida albicans. 
MBL is ari acute pliase prò tei n produced in inflammatory 
responses. Its function in the coniplenient pathway is similar 
to that of Clq, which it resembles in structure. After MBL 
binds to the snrface of a celi or pathogen, MBL-associated 
serine proteases, MASP-1 and MASP-2. bind to MBL. The ac- 
tive coniplex formed by this association causes cleavage and 
activation of C4 and C2. The MASP-1 and -2 proteins have 
structural similar ity to Clr and Cls and mimic their activi- 
ties. This nieans of activating the C2-C4 components to 
forni a C5 convertase without need for specific antibody 
binding represents ari important innate defense mechanìsm 
comparable to the alternative pathway, but utilizing the ele- 
ments of the classical pathway except for the CI proteins. 
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C3a ► Anaphylatoxin 
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C5 convertase: (C3b) 2 *Bb or C4b*C2a*C3b) 
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Cbb-C9 (membrane attack complex. MAC) 



Table 1 Complement split products formed during complement activation 



Table 1 1 Complement split products formed during complement activation 



Split 
product 


MW 

(kDa) 


Description and/or funaioli 


C2a 


68 


Larger fragment formed by cleavage of C2 during activation 
Component of the classical pathway C3 convertase C4b2a 


C2b 


30 


Smaller fragment formed by cleavage of C2 during activation 


C3a 


8 


Smaller fragment formed by cleavage of C3 during activation 
Complement anaphylatoxin 
Chemotactic to eosinophils 
Direct antimicrobial effect 


C3a-desArg 


8 


Inactivated derivative of C3a 
Chemotactic to eosinophils 
Direct antimicrobial effect 


C3b 


178 


Larger fragment formed by cleavage of C3 during activation 
Component of the alternative pathway C3 convertase C3bBb 
Component of the C5 convertases C4b2a3b and C3b n Bb 
Opsonin and ativation regulator through binding to CRI 


IC3b 


176 


Degradation fragment formed by cleavage of C3b 

Opsonin through binding to CR3 (CDllb-CD18: integrin ajfrj, 

CR4 (CD11C-CD18: integrin aj&j and possibly to CRI 


C3c 


138 


Degradation fragment formed by cleavage of C3b 


C3d/dg 


33-38 


Degradation fragment formed by cleavage of C3b contai ni ng 

the C3b covalent binding site 

Binds to CR2 and regulates B-cell function 


C4a 


8 


Smaller fragment formed by cleavage of C4 during activation 
Complement anaphylatoxin 


C4b 


192 


Larger fragment formed by cleavage of C2 during activation 
Component of the classical pathway C3 convertase C4b2a 
Opsonin and activation regulator through binding to CRI 


C5a 


11 


Smaller fragment formed by cleavage of C5 during activation 

Complement anaphylatoxin 

Chemotactic to neutrophils and monocytes 

Induces apoptosis 


C5a-desArg 


11 


Inactivated derivative of C5a 
Chemotactic to neutrophils and monocytes 


C5b 


185 


Larger fragment formed by cleavage of C5 during activation 
Component of the membrane attack complex C5b-C9 n 


Ba 


30 


Smaller fragment formed by cleavage of factor B 


Bb 


63 


Larger fragment formed by cleavage of factor B 
Component of the alternative pathway C3 convertase C3bBb 
and C5 convertase C3b n Bb 
Induces apoptosis 


Abbreviations: CR, complement receptor; MW, molecular weight. 



Sturfelt, G. & Truedsson, L. (2012) Complement in the immunopathogenesis of rheumatic disease Nat. Rev. Rheumatol. doi:10.1038/nrrheum. 
2012.75 
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FIGURE 4-9 Pathways of complement activation. The activation of the complement system may be initiated by three distinct pathways, 
ali of which lead to the production of C3b (the early steps). C3b initiates the late steps of complement activation, culminating in the production of 
peptides that stimulate inflammation (C5a) and polymerized C9, which forms the membrane attack complex, so called because it creates holes in 
plasma membranes. The principal functions of major proteins produced at different steps are shown. The activation, functions, and regulation of the 
complement system are discussed in much more detail in Chapter 12. 
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TABLE 13-4 




t-binding receptors 










Receptor Major ligands Activity 


Cellular distribution 



CR1 (CD35) 

CR2(CD21) 

CR3 (CD11b/18) 
CR4(CD11c/18) J 

C3a/C4a receptor 
C5a receptor 



C3b, C4b 



C3d, C3dg f 
iC3b 



iC3b 

C3a, C4a 
C5a 



Blocks formation of C3 
convertase; binds immune 
complexes to cells 

Part of B-cell coreceptor; 
binds Epstein-Barr virus 

Bind cell-adhesion molecules 
on neutrophils, facilitating their 
extravasation; bind immune 
complexes, enhancing their 
phagocytosis 

Induces degranulation of mast 
cells and basophils 

Induces degranulation of mast 
cells and basophils 



Erythrocytes, neutrophils, 
monocytes, macrophages, 
eosinophils, follicular dendritic 
cells, B cells, some T cells 

B cells, follicular dendritic 
cells, some T cells 

Monocytes, macrophages, 
neutrophils, naturai killer 
cells, some T cells 



Mast cells, basophils, granulocytes 

Mast cells, basophils, granulocytes, 
monocytes, macrophages, 
platelets, endothelial cells 



*Cleavage of C3dg by serum proteases generates C3cl and C3g. 





Clearance of apoptotic cells 

Deficiency of complement Clq, Clr, Cls, C2, C4A 

-> failure in clearance of debris -> SLE, SLE-like syndrome 



FIG. 36.16. The B-cell Signaling Complex. Antigen coated with 
C3 fragments (opsonized) binds the B-cell receptor (mlg) to trig- 
ger B-cell activation. C3d fragments on the antigen, produced 
by factor I degradation in the presence of complement receptor 
1 as cofactor, bind complement receptor 2, present on the B celi 
in a signaling complex with CD19 and CD81. Co-ligation of the 
B-cell receptor and complement receptor 2 signaling complexes 
markedly lowers the threshold for B-cell response to antigen. 





Figure 9-5 Role of complement in B celi 
activation. 

B cells express a complex of the CR2 comple- 
ment receptor, CD19, and CD81. Microbial anti- 
gens that have bound the complement fragment 
C3d can simultaneously engagé both the CR2 
molecule and the membrane Ig on the surface of 
a B cell. This leads to the initiation of signaling 
cascades from both the BCR complex and the 
CR2 complex, because of which the response to 
ntigen complexes is greatly enhanced 
c °rnpared with the response to antigen alone. 
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Figure 12-9 Stimulation of adap- 
tive immunity by innate immune 
responses. 

A. Macrophages and dendritic ceils 
respond to phagocytosed (cell-associated) 
microbes by expressing costi mulators 
(such as B7 proteins, which are recognized 
by the CD28 receptor of T ceils) and by 
secreting cytokines (such as IL-12). Co- 
stimulators and IL-12 function, together 
with antigen recognition, to activate T 
lymphocytes. 

B. The complement system is acti- 
vated by extracellular microbes and 
generates proteins, such as C3d, which 
become attached to the microbes. B 
lymphocytes recognize microbial anti- 
gens by their antigen receptors and rec- 
ognize C3d by a receptor called the 
type 2 complement receptor (CR2). 
Signals from the antigen receptor and 
CR2 function cooperatively to activate 
the B ceils. 

Note that in both examples, the 
second signals act on lymphocytes that 
also specifically recognize antigens of 
microbes; this recognition provides 
signal 1 . 
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| Clearanceof circulating immune complexesby reac- 
tion with receptors for complement products on erythrocytes and re- 
moval of these complexes by receptors on macrophages in the liver 
and spleen. Because erythrocytes have fewer receptors than macro- 
phages, the latter can strip Une complexes from the erythrocytes as they 
pass through the liver or spleen. Deficiency in this process can lead to 
renai damage due to accumulation of immune complexes. 




Main functions of the complement 
system 

1 . Lysis of microbes (MAC) 

2. Opsonization (C3b, C4b, Clq) 



3. Generation of an inflammatory reaction (C5a, C3a, C5b-9) 

-mediator release from mast cells 
-contraction of smooth muscle cells 
-increased permeability of blood vessels 

4. Chemotaxis and activation of phagocytes (C5a) 

5. Processing of immune complexes (C3b, C4b, CR1 ) 

6. Strengthening the B-cell immune response 

-naturai (endogenous) adjuvant effect via C3d-CD21 
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Figure 1 Schematic representation of complement activation and important 
interactions between complement components and cells 
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Sturfelt, G. & Truedsson, L. (2012) Complement in the immunopathogenesis of rheumatic disease 
Nat. Rev. Rheumotol. doi:10.1038/nrrheum.2012.75 



Because of its ablllty to damage the host organtsm, the 
complemenl system requires complex passive and adivo 
regulatory mechanlsms, 




i 



Cj t- cm io CO 

OC Oc Oc Oc Oc co 

K t K K 2 ^ 

E e e te te e 



FIG. 36.12. The Regulators of Complement Activation Gene Cluster. The regulators of complement activation cluster 
comprise a long region (up to 7 Mb) on band q32 of human chromosome 1 that contains the genes for ali the short 
consensus repeat-containing complement regulators and receptors. Two separate subclusters contain, respectively, 
the genes for factor H and the factor H-related proteins 1 to 5, and the genes encoding, in order, the p- and a-chains of 
C4bp, decay accelerating factor, complement receptor 2, complement receptor 1, and membrane cofactor protein. The 
"true" genes {dark grey) are interspersed with numerous pseudogenes (lightgretf that have no protein product and 
several nonrelated noncomplement genes {white). 
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FIG. 36.7. Complement Regulation. Regulatory proteins are 
present both in plasma (dotted boxes) and on celi surfaces 
(solid boxes) to control complement activation at multiple 
stages in the activation and terminal pathways. 



TABLE |) 


Regulatory Proteins of the Complement Pathway 


M 








Plasma Level/ 


Regulator 


Strutture 


Function 


Celi Expression 


Fluid phase 








C1 inhibitor 


Single chain, 100 KDa r heavily glycosylated 


Serine protease inhibitor binds and inactivates 


150mg/L 






C1r f Cls, MASP-2, others 




Factor H 


oingie cnain, ioli Kua, zu oLns 


AP convertase decay accelerator and 


300mg/L 






fi cofactor 




Factor H-like 1 


Single chain, 42 kDa, seven SCRs 


AS TOr in 


10mg/L 


C4b binding protein 


oou Kua ongorner comprising seven oc cnains 


ur convenase aecay acceieraior ano 


200mg/L 




/nìnk+ OPDnl _ _ -1 _ _ _ [ ) -Unir, /+L-, _ — CPDnl* 

(eignt oLKs) and one p cnain (tnree oLns) 


fi cofactor 




Carboxypeptidase N 


280 kDa dimer of heterodimers of 83 kDa 


Inactivates C3a/C5a by removing C-terminal 


30mg/L 




dNU OD KUd 


A rn 

Mrg 




S protein/vitronectin 


84 kDa single chain 


Binds C5b67 in fluid phase to inhibit MAC 


250mg/L 






formation 




Clusterin 


70 kDa heterodimer of 35 kDa chains 


Binds C5b67 in fluid phase to inhibit MAC 


150mg/L 






formation 




Membrane-bound 








CR1/CD35 


220 kDa single chain, 30 SCRs/ TM 


CP/AP convertase decay accelerator and fi 


RBC, WBC, renai, others 






cofactor 




DAF/CD55 


70 kDa single chain, four SCRs, GPI 


CP/AP convertase decay accelerator 


Broadly distributed 


MCP/CD46 


60 kDa, single chain, four SCRs, TM 


CP/AP fi cofactor 


Broad, absentfrom RBCs 


CD59 


20 kDa globular protein, four S-S bonds, heavy 


Binds C5b-8 on membrane to inhibit MAC 


Broad, ali blood cells, etc. 




glycosylation, GPI 


formation 





AP, alternative pathway; Arg, arginine; CP, classical pathway; DAF, decay accelerating faeton fH, factor H; fi, factor I; GPI, glycosyl phosphoinosrtol; LHR, long homologoues repeat; 

MAC, membrane attack complex; MASP-2, mannan-binding lectin-associated serine protease-2; RBC, red blood celi; SCR, short consensus repeat; TM, ???; WBC, white blood cell. 
'Common isoform; other oligomers of C4bp, a7P0, and a6(31, are also found in plasma. 
T Common isoform; forms comprising 37 SCRs (gain of LHR) and, rarely, 23 SCRs (loss of LHR) occur. 
The fH-related proteins 1 to 5 are omitted for simplicity and because their functions are unconfirmed. 
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Figura- 3. Representation of the pathogenesis of angioedema due to C1-INH deficiency ; In HAE, the deficiency of C1-INH is due to a mutation in the Ci fNH gene, which 
impairs C1-INH synthesis -or function, In AAE, C1-INH deficiency is due to the cleavage of C1-INH by autoantibodies or to its consumption by neoplastic, mainly 
lympho proliferati ve, tissue. Reduced C1-INH plasma levels result in hyperactivation of theclassical complement pathway with increased consumption of C1-INH andfurther 
reductionof its plasma level. Impaired inhibitionof activated Factor XII (FXIIa) and kallikrein, as a result of a lackof their principiai inhibitor C1-INH, enables cleavage of high 
molecular weight kininogen (HK) by kallikrein and release of bradykinin, which bindsto its B2 receptors, causing edema. 
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FIG. 36 .9 Membrane Attack Complex Inhibition 
by CD59. In the absence of CD59, C5b67 
bound to the membrane sequentially recrults 
C8 then multiple copies of C9 that unfold, insert 
and polymerize to from the membrane at- 
tack complex pore. E When CD59 is present 
on the membrane, it binds noncovalently into 
the C5b-8 complex. Although the first C9 can 
stili bind, unfolding and insertion is sterically 
hindered, further C9 recruitment is halted and 
no pore forms. 
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Figure 2 Complement regulation. Complement activity must be 
regulated to prevent bystander damage to the host. (A) Factor 
l-mediated cleavage of C3b and C4b prevents them from form- 
ing active convertases and requires cofactor activity, so that 
complement can be activated in appropriate contexts. These 
cofactors include the membrane-bound membrane cofactor 
protein (MCP) and complement receptor 1 (CR1), as well as 
the fluid-phase Factor H and C4-binding protein (C4BP). (B) 
C3 convertases are regulated by proteins containing decay- 
accelerating activity, which serve to inhibit assembly of new 
C3 convertases and shorten the half-life of the preformed con- 
vertases, limiting their ability to participate in complement acti- 
vation. Proteins with decay-accelerating activity for the classical 
C3 convertase include decay-accelerating factor (DAF), CR1, 
and C4BP AP inhibitors with this activity are DAF, Factor H, and 
CR1. (C) The MAC is the lytic complex of complement and its 
assembly can be inhibited by the membrane-bound CD59 and 
the fluid-phase vitronectin and S protein. (D) Anaphylatoxins 
are very potent proinflammatory molecules and their activity is 
limited by removal of their N-terminal arginine residue by serum 
carboxypeptidases, including carboxypeptidase N, B, and R. 
Formation of the des-Arg' forms of C5a and C3a limits their 
ability to interact with their cognate receptors, C5aR and C3aR, 
respectively. 
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TRENDS in tmmunotogy 



p ComplementTherapeutic Agents 


Agent 


Development Status 


Mode of Action 


Protease inhibitors 

Plasma-derived C1inh 

Recombinant Clinh 

fD inhibitors; BCX1470, others 


Available for > 20 years for HAE, new formulations 

now FDA approved 
Made in Tg rabbits, in phase 3 trials for 

HAE(Rhucin) 
Models only, no significant human trials 


Inhibitor of C1r/s, MASPs, kallikrein, and other 

plasma proteases 
As above 

Small molecules, specific inhibitors of fD protease activity 


Soluble forms of naturai complement regulators 

sCR1 (TP10; TP20) Phase 2 trials CPB, early trials in stroke, MI, others 
APT070 (Microcept) Preclinical in renai transplantation, 

development stages in others 
CAB-2 (MLN-2222) Phase 1 trials in CPB 
Recombinant MBL Preclinical as substitution therapy 
Recombinant fH Preclinical, substitution therapy in AMD 
TT30 Preclinical for AP-mediated diseases 


CP/AP C3 convertase regulator 
SCR 1-3 of CRI on membrane-targeting tail, convertase 
regulator 

DARMCP hybrid, convertase regulator 

Replacement of deficient protein 

Increasing levels of "protettive" fH; convertase regulator 

CR2-fH hybrid, targeted convertase regulator 


Antibodies 

Anti-C5 (Eculizumab) 

Anti-C5 (Pexelizumab) 
Anti-C5a (TNX-558) 
Anti-C5aR (Neutrazumab) 
Anti-fD (TNX-334) 
Anti-fB (TA106) 
Antiproperdin 


Available for PNH, aHUS; other indications in 

development 
Short-acting variant of above; phase 2 for MI, CPB 
Preclinical, inflammation 
Preclinical, arthritis, stroke 
Preclinical, AMD 
Preclinical 
Preclinical 


Humanized mAb, C5 cleavage blocker; inhibits C5a 

production, MAC 
As above 

Humanized mAb, binds/blocks C5a 
Humanized mAb, blocks C5aR 
Humanized mAb, blocks fD enzyme 
Humanized mAb, blocks fB binding 
Humanized mAb, blocks properdin 


Complement protein blockers 

Compstatin (POT-4) 

OmCI 

ARCI 905 

PMX-53 

JPE-1375 


Phase 1, AMD 
Preclinical, AMD 
Preclinical, AMD 
Phase 2, arthritis, psoriasis 
Preclinical, inflammation 


Cyclic peptide, binds C3, blocks cleavage 
Tick-derived C5-binder, inhibits C5a production, MAC 
RNA aptamer; binds/blocks C5 
Peptide C5a antagonist 
Peptide C5a antagonist 



aHUS, atypical hemolytic uremie syndrome; AMD, age-related macular degeneration; AP, alternative pathway; CP, classical pathway; CPB, ???; CR1, complement receptor 1; 
CR2, complement receptor 2; DAF, decay accelerating factor; fB, factor B; fD, factor D; FDA, U.S. Food and Drug Administration; fH, factor H; HAE, hereditary angioedema; 
MAC, membrane attack complex; MASP, mannan-binding lectin-associated serine protease; MBL, mannan-binding lectin; MCP, membrane cofactor protein; MI, myocardial 
infarction; PNH, paroxysmal nocturnal hemoglobinuria; RNA, ribonucleic acid; SCR, short consensus repeat. 
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FIG. 36.15. Anticomplement Therapies. Drugs in the market 
place, in trials, or in development target each stage of com- 
plementactivation. Agents are in dotted boxes; dottedarrows 
illustrate primary targets in the complement pathways. 
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FIG. 36.14. The Complotype. Despite the tendency of complementto spontaneously activate, the balance of activators and 
regulators ensures that homeostasis prevails. Interindividual variability in terms of complement protein/regulator plasma 
levels, common polymorphisms, or rare mutations dictate that some individuals will have an intrinsically more active 
complement system (righi), protective against infection but riskfor chronic inflammation, while others have an intrinsi- 
cally less active system (left), risky for infection but protective for chronic inflammatory disease. 



SUMMARY 

■ The complement system romprlses a group of serum pro- 
telns, manj "i whl( tiexisl in Inai Uve Fòrms 

■ Complement actlvatlon orcurs by the classlcal. alien latlve, 
• •I la Un patir; r eachol whlch is Inltlated differentty, 

■ The three pathways converge in a common sequence of 
events thal leadsto generati i .1 mota ular complex that 

1 auses ■ -.'Il I' ìls 

■ The classical pathway is imi late I bj antibody blndlng boa 
celi target: reacttonsof IgM and 1 ei imi [gl I sul ., lasses a< 
Uvate thls pathway 

■ Actlvatlon of the alternative and lectln pathways is antl- 
body-lndependent These pathways are Inltlated by reac- 
tion of complement protelns with surface molecules of 
mlcroorganlsms. 

■ [naddltlon to Lts kej rate Ini eli lysls, the 1 1 implemenl sys 
tem mecllates opsonizatlon of bacterla. actlvatlon of In- 
flammatlon. and clearara ei •! immune complexes. 

■ Interactlons of complement protelns imi protein frag 
ments with receptors on cells of the Immune system • on 
imi both Innate and aoqulred Imniune responsos. 

■ Bocause of its ablllty to damage the hosl organlsm, the 
complement system requlres complex passive and adivo 
regulatory ma hanlsms. 



Clinica! consequences of Inherlted complement defli i n 
cles range front Iticreases In susceptlblllty to Infectlon to 
tlssue damage caused bj immuni' complexes. 




Table 3 Summary of complement deficiencies in humans 



Table 3 | Summary of complement deficiencies in humans 


Complement 
component involved 


Frequency 


Ma in disease associ ation(s) 


Reference(s) 


Clq 


50-100 reported cases 


SLE; glomerulonephritis; infections 


Skattum et al 7 


Clr or Cls 


10-50 reported cases 


SLE; glomerulonephritis 


Wu et a/. 106 


C2 
C3 
C4 
MBL 
Factor D 


Estimated prevalence 1/20.000* 
20-50 reported cases 
20-50 reported cases 
Estimated prevalence 1/10* 
<20 reported cases 


SLE; infections 

SLE; glomerulonephritis; recurrent infections 
SLE: glomerulonephritis; infections 
Susceptibility to infections 
Neisserial infections 


Skattum et al. 7 


Properdi n 


50-100 reported cases 


Meningococcal disease 


Fìjen et a/. 107 


C5. C6. C7 or C8 


20-100 reported cases 


Usually healthy; recurrent neisserial infections 


Skattum et al. 7 


C9 


<10 reported cases 
Estimated prevalence 1/1,000* 


Usually healthy 


Skattum et al. 7 
Witzel-Schlòmp et a/. 108 


Cllnh 


Estimated prevalence 1/50.000 8 


Hereditary angioedema 


Skattum et al. 7 


♦Estimated prevalence in white populations. *Rare deficiency in white populations, but common in the Japanese population (prevalerne of about 0.1%). 
s Heterozygous deficiency. Abbreviations: Cllnh, plasma protease CI inhibitor; MBL mannose-binding lectin; SLE, systemic lupus erythematosus. 
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TABLE 19-4. Patterns of disease associateci with 
congenital complement deficiencies 



Deficient component 



Disease association 



C1q, Clr, C1s, C4, C2 



MBL 

Factor D, properdin 
C3, factor H, factor i 



C5, C6, C7, C8, 

C1 inhibitor 

CR3, CR4 (and LFA-1) 



DAR CD59 (and GPI 
linked protein) 



SLE and other autoimmune 

diseases, immune complex 

disease, recurrent pyogenic 

infections 
Recurrent pyogenic infections 
Recurrent neisserial infections 
Recurrent infections with 

pyogenic organisms, immune 

complex disease 
Recurrent neisserial infections 
Hereditary angioedema 
Severe immunodeficiency, 

r ecurrent infections , leukocyte 

dysfunction 
Paroxysmal nocturnal 

hemoglobinuria 



MBL, mannose-binding lectin; LFA-1. lymphocyte function 
antigen-1; SLE, systemic lupus erythematosus. 



Figure 2 Complement in the pathogenesis of SLE 
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TABLE 19-5. Cellular complement receptors and regulatory molecules used by pathogens to initiate infection 



Type of 




Cellular 


Complement- 




Pathogen 


Microorganism 


receptor 


dependent 


Liqand 


Bacterial 


Escherichia coli 


DAF 


— 


Dr adhesin 




Mycobacterium leprae 


CFM, CR3, CR4 


— 


Unknown 


Virai 


Measles virus 


MCP 


— 


Hemagglutin 




Coxsackie group B viruses 


DAF 


— 


Unknown 




Echoviruses 


DAF 


— 


Unknown 




Enterovirus 70 


DAF 


— 


Unknown 




EBV 


CR2 


— 


C3-like sequence in gp350/220 


Fungal 


Histoplasma capsulatum 


CR3, CR4 




Unknown 


Parasitic 


Leishmania major/Leishmania donovani 


CR3, CR4 


— 


Unknown, gp63 


Bacterial 


Legionella pneumophila 


CR1/CR3 


+ 


C3b or iC3b 




M. leprae 


CR1, CR3 


+ 


C3b or iC3b 




Mycobacterium tuberculosis 


CR1, CR3, CR4 


+ 


C3b or iC3b 




West Nile virus 


CR3 


+ 


iC3b 


Parasitic 


Babesia rodhaini 


CR1 


+ 


C3b 




L major 


CR1, CR3 


+ 


C3b or iC3b 



EBV, Epstein-Barr virus 



1; CR2, complement receptor type 2; CR3, complement receptor type 3; CR4, complement receptor type 4; MCP, membrane 
cofactor protein. 
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Currcnt Biology 

Four strategies by which pathogens use the complement system as part of their pathogenesis. (a) The Epstein- 
Barr virus (EBV) uses a B lymphocyte receptor for complement, CR2 (pink), to gain entry to the cell. (Cell-surface 
immunoglobulin is shown in yellow.) (b) A mycobacterium (green) fixes a complement enzyme, C2a, to its 
surface. The C2a cleaves C3, resulting in the binding of C3b (red) to the mycobacterial surface. The 
mycobacterium then enters macrophages (blue) via C3 receptors (pink) on the celi surface. (c) Schistosomes 
synthesize an endogenous protein (purple) that mimics a host complement regulatory protein, CD59, and inhibits 
the formation of the MAC (red) on the parasite, (d) Schistosomes absorb a complement regulatory protein, decay 
accelerating factor (DAF; green), from the host plasma that protects against the activation of complement by 
inhibiting the formation of the C3 convertase enzyme 



C3/C3b cleavage: 
Decay acceleration: Captured f H (C4bp) 
Captured fH (C4bp) Bacterial proteases 




Inhibition of MAC: 
Bacterial "CD59" 
Captured CD59 



FIG. 36.17. Bacterial Complement Evasion Strategies. 
Many bacterial species have evolved elaborate 
defense strategies to protect against complement 
opsonization and killing; some of the more common 
are illustrated here. The capsule, where present, 
provides a physical barrier to bacterial membrane 
damage but may itself be a target for opsonization. 
C3 fragments and C3 convertases are targeted by se- 
creted proteases and by C3 convertase regulators; 
they are either pirated from the host or expressed 
in the bacterial genome. Membrane attack complex 
formation is inhibited not only by capsule but also by 
terminal pathway regulators, either captured (such 
as S protein) or expressed by bacteria (CD59-like 
molecules). 



Microbial evasion of complement-mediated damage 



Microbial component 


Mechanism of evasion 


Examples 


GRAM-NEGATIVE BACTERIA 


Long polysaccharicle chains 
in cell-wall LPS 


Side chains prevent insertion of 
MAC into bacterial membrane 


Resistant strains of E coli and 
Sai monella 


Outer membrane protei n 


MAC interacts with membrane 
protei n and fails to insert into 
bacterial membrane 


Resistant strains of Neisseria 
gonorrhoeae 


Elastase 


Anaphylatoxins C3a and C5a are 
inactivated by microbial elastase 


Pseudomonas aeruginosa 


GRAM-POSITIVE BACTERIA 


Peptidoglycan layer of celi wall 


Insertion of MAC into bacterial 
membrane is prevented by thick 
layer of peptidoglycan 


Streptococcus 


Bacterial capsule 


Capsule provides physical barrier 
between C3b deposited on 
bacterial membrane and CRI 
on phagocytic cells 


Streptococcus pneumoniae 


OTHER MICROBES 


Proteins that mimic complement 
regulatory proteins 


Protein present in various batteria, 
viruses, fungi, and protozoans 
inhibit the complement cascade 


Vaccinia virus, herpes simplex, 
Epstein-Barr virus, Trypanosoma 
cruzi, Candida albicans 


KEY: CR1 = type 1 complement receptor; LPS = 


lipopolysaccharide; MAC = membrane-attack complex (C5b-9). 
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Fig. 5. - Relazioni tra il sistema delle chinine, della coagulazione, del completamento e della 
plasmina («tangled web», secondo Ratnoff) i 



Cofactor 
HMWK' 



XII Factor XII (Hageman factor) 



Collagen, basement membrane, 
activated platelets 




Kinin 
cascade 



Kallikrein <• 



Xlla Factor Xlla 
_J 



Prekallikrein 



HMWK 



r 



Clottijfactors ^scad? 



Bradykinin 



Plasmi nogen- 



Li 



Thrombin 



Plasmiti 



i 



Fibrinolytic 
system 



C3 



Fibrin ♦ 

i 

Fibnn-split products 



Fibrinogen 



C3a 



C5 



1 



♦ C5a 





Interrelationships between the four plasma mediator systems triggered by activation of factor XII 
(Hageman factor). Note that thrombin induces inflammation by binding to protease-activated 
receptors (principally PAR-1) on platelets, endothelium, smooth muscle cells, and other cells. 
HMWK, high molecular weight kininogen. 
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AGENTI ASSOCIATI AL DANNO 



ì 



• Superfici cariche negativamente 
(ad es. membrane basali, collagene, 
elastina, glicosaminoglicani) 

• Lipopolisaccaridi batterici 

• Cristalli di urato 

• Enzimi (ad es. tripsina e plasmina) 



Fig. 2. A photograph of Mr. Ilageman. cited troni Professor 
Ratnoffs report. The first case of Factor XII deficiency. Mr. John 
Ilageman. a freight switchman on the New York Central Railroad. 
had no bleeding tendency and received an operation to cure his 
peptic ulcer. The first initiating tactor for intrinsic clotting of plasma 
when it comes in contact with glass vvas missing in Mr. Ilageman's 
plasma. So Professor Ratnoff named this factor "Ilageman factor", 
and its absence was designated as "Ilageman trait". Photograph. 
renrinted from Ref. 21 with nermission. 



Plasminogeno 
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FIBRINOPEPTIDI 
(PRODOTTI DELLA 
DEGRADAZIONE DELLA FIBRINA) 



ANAFILOTOSSINA 



PRODUZIONE 
DI CHININE 



FORMAZIONE 
DEL COAGULO 



CHININE 



- Famiglia di polipeptidi vasoattivi che originano nel plasma e nell'essudato per 
azione di enzimi proteolitici (chininogenasi) sui chininogeni (che sono a-globuline, 
precursori delle chinine) 

Chininogenasi: es. callicreina, elastasi, CI attivato, plasmina, altre proteasi 
prodotte/liberate per esempio da tessuti danneggiati, essudato, plasma, che 
agiscono sui Chininogeni. 

Le chininogenasi (p. es. la callicreina) si trovano normalmente in uno stato inattivo 
e debbono essere pertanto attivate per poter agire sui chininogeni. 



Chininogeni (a-globuline), che sono di 
due tipi: 

- ad alto peso molecolare (HMW) 

- a basso peso molecolare (LMW) 



CHININE 



Cleaved kinin moieties in kininogens 



Bradichinina (9 aminoacidi) 

Bradichinina-8 (8 aminoacidi) - àe^^i*adywnin - 



FjWTUHMWonjnogerJ , bradykinin 



human Met-Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-Ser-Ser 



des-Arg 9 -bradykinin 1 

human Met-Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-Ser-Ser 

i I 14 
bovine Met-Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-Ser-Val 

rat Ile-Arg-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-Ala-Pro 

mouse Met-Ala-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg^-Ser-Val 



Hanno in comune la sequenza: 

Arginina, prolina, prolina, glicina, fenilalanina, serina, 



BradÌcllÌnÌna-7 (7 aminoacidi) bovine Met -Lys-Arg-Pro-Pro-Gly -Phe-Ser -Pro-Phe-Arg-Ser -Val 

KalHdina (10 aminoacidi) «e-AroVpro-Pro^.y-Phe-Ser-Pro-P^A^.a-Pro 
v 7 ^^^^^■■■■^^^^•■t-Ala-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-Ser-Val 

Metil-lisil-bradichinina (11 aminoadici) | From LMw-kininogen |^ ka iiidin 

■ des-Arg 10 -kallidin « 

T-chinine (11 aminoacidi) - -•»*•**»- - 

i des-Ara 9 -bradvkinin — • 
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ARG PRO PRO GLI FEN SER PRO FEN ARG 



- Le chinine vengono rapidamente degradate (vita media pochi secondi) 
da chininasi: 



kinmasi II 



| - . : : : : : '. 



i 

H • Arg • Pro • Pro - Gli - Fen • Ser • Pro - Fen - Arg - OH 
(bradichmma) ^ ^ 

H • Lis ■ Arg - Pro - Pro - Gli • Fen • Ser - Pro • Fen • Arg • OH 
T (lisil-bradichinina) |> ^ 

H • Mei • Lis • Arg • Pro • Pro • Gli • Fen • Ser - Pro • Fen • Arg • OH 
T | (metil-lisil-bradichinina) 

anninopeptidasi 




Fattore XII 
(fattore di Hageman) 



Cofattore = 
criminogeno 
ad alto peso 
molecolare 



9 



Collagene, 
membrana basale, 
piastrine attivate 




Trombina 
(Ila) 



Fibrinogeno 



Plasmina 



Prodotti di scissione 
della fibrina 



C3- 



C3a 



Figura 13.29 - Cascata dei mediatori plasmatici innescata dall'attivazione del fattori XII di Hageman. 



Meccanismi di attivazione del sistema delle chinine: molecole e 
condizioni che si verificano nell' infiammazione 



1) Da contatto: in seguito al contatto con superfìci negative si attivano due sistemi : 

- chinine [Contatto con superfìci cariche negativamente (p.es tessuti 

- coagulazione danneggiati, vetro, collageno, molecole sostanza fondamentale 

del connettivo tipo proteoglicani, cartilagine, glicoproteine, 
oppure asbesto, silicio,urati)] 



Factor Xla 









Factor XlT 









HMW Kininogen 



Intrinsic 

Coagulation 

Pathway 



Vasodilation... 
Hypertensive action., 
Pain... 



FIG. 21-1. The pathways o^yflja^t^gtj^tjgj^ Open boxes, zymogens; black boxes, proteases; graded 
arrows, activation reactions; solid arrows, catalytic activation. 




RUOLO CENTRALE DEL FATTORE DI HAGEMAN 



Meccanismi di attivazione del sistema delle chinine: molecole e 
condizioni che si verificano nell' infiammazione 



1) Da contatto: in seguito al contatto con superfìci negative si attivano due sistemi : 

- chinine [Contatto con superfìci cariche negativamente (p.es tessuti 

- coagulazione danneggiati, vetro, collageno, molecole sostanza fondamentale 

del connettivo tipo proteoglicani, cartilagine, glicoproteine, 
oppure asbesto, silicio,urati)] 

2) Da acidificazione [(p.es. acido lattico o altri acidi (in corso di flogosi c' e' sempre acidificazione)] 



3) Da danno tessutale _ esposizione cariche negative 

- attivazione proteasi 

- produzione metaboliti acidi 



4) Da attivazione di proteasi (es batteriche) o del complemento (CI attivato) 

Proteasi attivano direttamente: Fattore XII 

Pre-callicreina 
Chininogeno 




RUOLO CENTRALE DEL FATTORE DI HAGEMAN 



AZIONI DELLE CHININE 



Agiscono via classi di recettori che attivano varie vie di trasduzione (p.es. fosfolipasi, adenilato 
ciclasi, calmoduline, turnover fosfoinositidi; calcio, eccetera) 



AZIONI LOCALI 



Dolore 

Vasodilatazione delle arteriole per rilassamento delle cellule muscolari 

liscie (direttamente? via PGE 2 e AMPc ?) 

Chemiotassi 

Aumento permeabilità' (endoteli) 

Attivazione leucociti (secrezione granuli, produzione 0 2 ~) 
Crescita tessuto connettivo per attivazione dei fibroblasti 
Produzione eicosanoidi 



Kallikrein-kinin system 



Prostanoids 



negati ve surf ace 

kaolin glass 
carrageenin 

polysaccharides 



phospholipids 
phosphofipa^e A 2 



Factor XII 
prekallikrein 



Xlla 



/ arachidonic acid 
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plasma kallikrein » 



bradykinin 



\c0x-1 



PGH 2 /PGG 2 



PAF 



COX-2 



indomethacin 



aninases 



in, 




captopril 



PGE 9 PGIp PGD,PGF 2a TXA 



Fig. 13. Interaction of the kallikrein-kinin system 
with prostanoids. Endogenously produced brady- 
kinin at an intlammatory site may stimulate the 
production of prostanoids. Prostanoids produced by 
cyclooxygenase (COX)-l. COX-2. and terminal 
prostaglandin syntheses may co-work with brady- 
kinin to enhance pain sensation and exudate forma- 
tion in intlammatory tissues. 



AZIONI DELLE CHININE 



Agiscono via classi di recettori che attivano varie vie di trasduzione (p.es. fosfolipasi, adenilato 
ciclasi, calmoduline, turnover fosfoinositidi; calcio, eccetera) 



AZIONI LOCALI 



Dolore 

Vasodilatazione delle arteriole per rilassamento delle cellule muscolari 

liscie (direttamente? via PGE 2 e AMPc ?) 

Chemiotassi 
Aumento permeabilità' (endoteli) 
Produzione eicosanoidi 

Attivazione leucociti (secrezione granuli, produzione 0 2 ~) 
Crescita tessuto connettivo per attivazione dei fibroblasti 

AZIONI SISTEMICHE 




Ipotensione per vasodilatazione sistemica (Le chinine si formano anche in caso di danno 
sistemico, p.es. nello shock, dove sono responsabili, in parte, dei fenomeni di ipotensione) 



Table 1 Pharmacological and physiological functions of bradykinin. 



System 


Pharmacological/physiological response(s) 


Pathophysiological state(s) 


Central nervous system 


Excitation of primary sensory neurons 


Acute algesia 




Release of substance P, neurokinin A 


Pain of chronic inflammation 


Immune 


Production of IL-1 and TNFa 


Inflammation, oedema, rhinitis 




Increase vascular permeability 


'Wheal and flare' response 


Respiratore 


Bronchospasm, bronchoconstriction 


Asthma, rhinitis 


Cardiovascular system 


Release of prostacyclin, NO, EDHF 


Transient hypotension, reflex tachycardia 




Vasodilation, vascular permeability 




Renai 


Inhibition of sodium reabsorption at the cortical collecting ducts 


Hyponatremia (?) 


Other 


Stimulation of uterine contractility 






Disrupts blood-brain barrier 





EDHF, endothelium-derived hyperpolarizing factor; IL-1, interleukin 1; NO, nitric oxide; TNFoc, tumour necrosis factor a. 




